Cells dissociated from various tissues of vertebrate embryos preferentially reaggregate with cells from the same tissue when they are mixed together. This tissue-specific recognition process in vertebrates is mainly mediated by a family of cell adhesion molecules because of their specific binding properties. Recent studies have revealed that two families of adhesion molecules, nectins and cadherins, are associated with each other, and these associations provide cells with the differential adhesive affinities required for cellular recognition and complex cellular pattern formations during development. This review provides an overview of recent findings regarding the cooperative functions of nectins and cadherins, as well as a discussion of the molecular basis underlying these functions.
Introduction
Cells dissociated from various tissues of vertebrate embryos preferentially reaggregate with cells from the same tissue when they are mixed together. This tissue-specific recognition process in vertebrates is mediated by various cell adhesion molecules that hold cells together by homophilic or heterophilic interactions between such transmembrane proteins on adjacent cells. Some cell-cell junctions are asymmetric or heterogeneous. For example, synapses are asymmetric junctions that are usually formed between axons and dendrites, myelin is formed between neurons and supporting glial cells, and the sensory epithelium consists of heterogeneous junctions between sensory and supporting cells. These asymmetric or heterogeneous junctions are generally found in a variety of tissues and organs. Selective cell-cell adhesion between different cell types is fundamental for cell recognition and sorting different cell types in morphogenesis. Recent advances have clarified the molecular compositions of various cell interfaces and provided new insights into asymmetric or heterogeneous cell-cell recognition and junction formation. Cell-cell junctions contain various transmembrane proteins, cytoskeletal elements, and signaling complexes. A single cell type employs multiple molecular mechanisms for adherence to other cells. The specificity of cell-cell adhesion in development results from the integration of several adhesion systems. Here, we briefly review the cooperative roles of nectins and cadherins in cell recognition and adhesion during asymmetric or heterogeneous cell-cell junction formations. These mechanisms also explain the organization of highly ordered cellular patterns in complex sensory organs.
Molecular basis of cadherins and nectins in cellular recognition and adhesion
Cadherins are adhesion molecules involved in adhesion and selective cell-cell recognition of vital biological processes such as embryogenesis, pattern formation, and neural circuit formation [1] . Cadherins constitute a superfamily and are grouped into subfamilies designated as classic cadherins and proto-cadherins. The defining feature of classic cadherins is the presence of a conserved intracellular domain that mediates cytoplasmic interactions with catenins. Here, for convenience, classic cadherins are simply referred to as cadherins. Cadherin molecules associate with p120 catenin and β-catenin via their cytoplasmic domain, and β-catenin in turn binds to α-catenin. α-Catenin interacts with F-actin, and an interaction between the cadherin-catenin complex and actin cytoskeleton is thought to be crucial for cadherins to create firm cell adhesions (Fig. 1A) [2] . The expression patterns of multiple cadherins and their dynamic changes during development are the most fascinating features observed in the cadherin family. In mixed cultures of cell lines expressing different types of cadherins, the cells form separate aggregates according to their homophilic binding property (Fig. 1B) [3] . Through their selective adhesive property, cadherins are thought to be the main driver of various morphogenetic events [4, 5] . Binding specificity of cadherins is attributed to the extracellular domain because exchange of this domain between two different cadherins determines cell aggregation and sorting specificity [6, 7] . Many subtypes of cadherins are expressed by restricted groups of cells in tissue and their expression patterns correlate with tissue organization. The expression pattern of each cadherin subclass in embryos correlates with the positional segregation of cell populations. However, there are only a few examples of cadherin-dependent tissue segregation, such as positioning of oocytes during ovary development in the fly, boundary formation between the cerebral cortex and striatum in the mouse brain, and segregation of motor neurons in the chick spinal cord [8] . Cadherins also contribute to cell segregation by differential expression levels of a single cadherin type. Cells expressing high levels of cadherin sort out from cells expressing low levels of the same cadherin in vitro [9] . During [18] . gastrulation in vertebrate development, different progenitor cells expressing the same cadherin type sort out and assemble into distinct germ layers. These processes occur by graded variations in cadherin density, and localized expression of adhesion-modulating factors are associated with regional differences in adhesive properties. In particular, differential actomyosin-dependent cell-cortex tension is important to direct progenitor cell sorting [10] . Molecular mechanisms that underlie cadherin-catenin complexes and actomyosin interactions remain to be analyzed further.
Nectins, which were originally identified as virus receptors, are Ca 2+ -independent immunoglobulin (Ig)-like cell adhesion molecules.
The nectin family includes four members, nectin-1-4, which are encoded by PVRL1-4 genes, respectively [11, 12] . Nectins regulate various cellular functions, such as cell adhesion, movement, proliferation, polarization, survival, and differentiation, by interacting with various proteins [11, 12] . In contrast to cadherins, nectins are able to trans-interact both homophilically and heterophilically (Fig. 1B) . In addition, their heterophilic trans-interactions are much stronger than their homophilic trans-interactions [11] [12] [13] [14] . Because of these unique properties, nectins play important roles in mediating asymmetric homotypic and heterotypic cell-cell adhesions in addition to functioning in homotypic cell-cell adhesion. Nectin first forms a cis-dimer and then a trans-dimer during cell-cell junction formation. Binding specificity of nectins is attributed to the first Ig-like loop of the extracellular domain, which is necessary and sufficient for the formation of trans-dimers [13, 15] . Nectin molecules associate with various molecules via their cytoplasmic PDZ domain, such as afadin, PAR-3, MUPP1, and PATJ. Afadin binds to many proteins, such as Rap1, α-catenin, p120 catenin, PLEKHA7, and ZO-1 [16] . During the formation of cell-cell junctions, it has been suggested that nectins initially form cell-cell adhesions and then recruit cadherins to nectin-based cell-cell adhesion sites through cytoplasmic interactions to accelerate cadherindependent junction formation (Fig. 1C) . Although both afadin and α-catenin are essential for the associations of nectins and cadherins, the underlying mechanism of how the nectin-afadin system is associated with the cadherin-catenin system remains unknown [11, 12] . Recent study reported that cadherins control nectin recruitment into AJs through actin clustering [17] . These observations suggest that both actin bundle formation and adhesion complex clustering mutually regulate cell-cell junction formation. How adherens junctions recruit nectins and cadherins is an important subject for future research.
Cooperative mechanism of nectins and cadherins in recognition between axons and dendrites
Nectins and cadherins cooperatively regulate both cell-cell junction formation and recognition processes. These cooperative mechanisms allow cells to achieve complex cell recognition and adhesion processes that cannot be achieved via a single mechanism. During neural development, nectin-1 and -3 play a role in the selective association of axons and dendrites in synaptogenesis by cooperating with cadherin systems [18] . Formation of the contacts between axons and dendrite involves cadherin activities. Cadherin-catenin complexes accumulate at early axon-dendrite contacts and are retained in many of the mature synapses. However, in many neurons such as hippocampal pyramidal neurons, other types of contacts are not stabilized, such as dendritedendrite contacts (Fig. 1D) . In mossy fiber terminals of the hippocampus, nectin-1 is predominantly localized in the presynaptic membrane, and nectin-3 is localized in the postsynaptic membrane [19] . A heterophilic trans-interaction occurs between nectin-1 in axons and nectin-3 in dendrites, this interaction enhances the accumulation of cadherins at axon-dendrite contacts and stabilizes the contacts (Fig. 1C, Middle) [20] . Mislocalization of nectin-1 to dendrites induces atypical dendrite-dendrite associations and perturbs neurite patterning (Fig. 1D) . Nevertheless, overexpression of cadherins alone is not sufficient to induce the axon-dendrite interactions or aberrant neurite association [20] . These observations demonstrate that cadherins alone cannot initiate such specialized local adhesion contacts. Rather, local cadherin-based contacts are formed by cooperation with the heterophilic adhesion between nectin-1 and -3 that are distributed differentially between axons and dendrites. A recent study has implicated ZO-1 in dendrite-dendrite recognition cooperatively with nectin and cadherin systems in cultured hippocampal neurons [21] . ZO-1 is involved in signal transduction at cell-cell junctions and binds to both α-catenin and afadin [22, 23] . Thus, ZO-1 might be involved in the association of nectin and cadherin. Future studies are required to examine how cell adhesion and intracellular signaling integrate and translate into cell behavior during neurite recognition processes.
Cell-cell recognition and mosaic cellular patterning in the auditory epithelium
Sensory epithelia of the ear, nose, and eye have elaborate cellular patterns, which arise as parts of the central nervous system. The basic structures and functions of sensory epithelia are the most highly conserved in evolution, not only from one vertebrate to another, but also between vertebrates and invertebrates. Within each sensory epithelium, sensory neurons or neuron-like cells, which act as transducers, convert signals from the outside into an electrical form that can be interpreted by the nervous system. In the ear, the sensory cells are auditory hair cells. In the nose, the sensory cells are olfactory sensory neurons and, in the eye, the sensory cells are photoreceptors. Each sensory cell type has a specialized structure at their apical surface, which detects an external stimulus and converts it to a membrane potential. Interestingly, the sensory cells are always separated from adjacent sensory cells by supporting cells to form alternating mosaic patterns in the sensory epithelium [12] . These mosaic patterns of sensory epithelia have also been conserved in evolution among a wide range of species. How the mosaic patterns develop and are maintained is not well understood, but recent studies suggest that nectins and cadherins play a key role.
The auditory epithelium of the mammalian inner ear (the organ of Corti) contains mechanosensory hair cells and non-sensory supporting cells (Fig. 2A) . The hair cells are arranged in ordered rows, and each hair cell is separated from one another by supporting cells, forming an alternating mosaic in a checkerboard-like fashion. The Notch pathway is involved in development of the auditory epithelium, and determination of cell fates occurs via lateral inhibition [24] . During development, hair cells express Notch ligands Jagged2 and Delta1, and supporting cells express Notch1. Genetic deletion of Jagged2 leads to overproduction of hair cells, but only partially disrupts the cellular pattern [25] . These results suggest that other mechanisms may also regulate the cellular pattern formation in addition to lateral inhibition. In the developing auditory epithelium, hair and supporting cells continue to change their position and alignment beyond the period of terminal mitoses [26] , indicating that cellular rearrangements also play a role in the cellular pattern formation. Cell rearrangements require dynamic coordination between cell-cell recognitions, adhesions, and movements. The differential adhesion hypothesis proposes that differential adhesion between cells promotes cell rearrangements and sorting in cell aggregates [9] . Cadherins are thought to be the main driver of these morphogenetic events. However, the mosaic cellular pattern cannot be achieved by the homophilic adhesive property of cadherins alone. In the developing mouse auditory epithelium, nectin-1 and -3 are complementarily expressed in hair and supporting cells, respectively [27] . Molecular interactions occur between nectin-1 on hair cells and nectin-3 on supporting cells, and the majority of these molecules are recruited to heterophilic binding sites. These biased cell-cell adhesions contribute to the checkerboard-like pattern formation [27] . Genetic deletion of nectin-1 or -3 disrupts the mosaic cellular pattern, inducing aberrant attachment between hair cells. The numbers of differentiated hair and supporting cells are not altered in nectin knockout (KO) mice. Thus, the Notch pathway functions normally in these KO mice. In vitro studies indicate that heterophilic interactions of nectins are sufficient for mosaic cellular patterning [18, 27] . Upon coculture of cells expressing nectin-1 or 3, the cells rearrange themselves to form a mosaic pattern. Thus, during development, supporting cells express Notch1 and nectin-3 that heterophilically interact in trans with Jagged2, Delta1, and nectin-1 expressed in hair cells to establish and maintain the checkerboard-like cellular pattern in the auditory epithelium.
Cooperative mechanism of nectins and cadherins in mosaic cellular patterning of the olfactory epithelium
Another example of a characteristic cellular pattern is seen in the olfactory epithelium (Fig. 2B) . The olfactory epithelium located in the nasal cavity is involved in odor perception. The olfactory system is thought to be an evolutionarily ancient sensory system [28] . Olfactory receptor neurons (olfactory cells) are replaced by regeneration throughout life, however the characteristic cellular pattern are maintained. The cellular pattern formation processes in the developing olfactory epithelium are unlike those in the developing auditory epithelium. Cellular patterning in the olfactory epithelium is accompanied by cellular rearrangement controlled through cooperative interactions of nectins and cadherins [29] . In the apical surface of the olfactory epithelium in mammals, small and round-shaped olfactory cells are separated and surrounded by polygonal-like supporting cells in a characteristic mosaic pattern [30, 31] . Olfactory cells express nectin-2 and N-cadherin, while supporting cells express nectin-2, nectin-3, N-cadherin, and E-cadherin. Although olfactory and supporting cells express different types of cadherins, these cells are not segregated but rather intermingled with each other in the olfactory epithelium [29, 31] . During development, as many as half of the olfactory cells first attach to each other. As development progresses, olfactory cells separate from one another and each becomes completely surrounded by supporting cells (Fig. 2C) . Live imaging has revealed that olfactory cells, which initially adhere to each other, are gradually separated by intercalations of supporting cells (Fig. 2D, Upper) [29] . These observations suggest that mosaic cellular patterning may be the result of continuous intercalation of these cells. For pattern establishment during development, nectin-2 on olfactory cells and nectin-3 on supporting cells interact heterophilically and recruit N-cadherin at the junctions between olfactory and supporting cells through α-catenin (Fig. 2D, Lower) . Differential distributions of N-cadherin lead to the intercalation of supporting cells into attached olfactory cells. Then, new junctions are generated between supporting cells and E-cadherin that exclusively accumulates in the junctions. In the cooperation between nectins and cadherins, α-catenin is essential for recruitment of cadherin-catenin complexes at the heterophilic interfaces between olfactory and supporting cells [29] . In the olfactory epithelium of αN-catenin KO mice, N-cadherin is not efficiently recruited at the junctions between olfactory and supporting cells, resulting in failure of the separation of attached olfactory cells. In vitro studies indicate that the cadherin-catenin complex is always highly concentrated at heterophilic nectin interfaces, and that cadherin-deficient nectin transfectants fail to form stable contacts between cells and exert the effects of the heterophilic nectin interaction for mosaic cellular patterning [29] . These observations indicate that the differential distribution of Ncadherin provides the driving force for supporting cells to intercalate between the attached olfactory cells. This notion is supported by mathematical modelling of vertex dynamics in polygonal cells [29, 32] . This model is used for the polygonal pattern in which polygons are packed in a 2-dimensional (2D) sheet and consist of many polygonal edges. By applying the relative adhesiveness at each junction in wild-type or αN-catenin KO mice to the model, the cellular patterns generated by the mathematical simulations are similar to those observed in the olfactory epithelium in these mice. In addition to the differential adhesiveness of cells, differential velocity of cell migration contributes to the cellular patterning of the olfactory epithelium [29] . Time lapse video microscopy of the olfactory epithelium has revealed that olfactory cells migrate faster than supporting cells. Mathematical simulations more accurately reflect actual cell behavior by applying the differential mobility. In vitro observations indicate that cells expressing nectin and N-cadherin migrate faster than cells expressing nectin and E-cadherin. Although the mechanism regulating differential mobility of cells in the olfactory epithelium remains unknown, the mechanism might also regulate the dispersion of cells in various epithelia.
Collectively, these findings demonstrate that the cooperative action of nectins and cadherins leads to the intercalation of supporting cells between attached olfactory cells, resulting in mosaic cellular patterning of the olfactory epithelium.
Cellular rearrangement is also regulated by anisotropic contractile activity at junctions in Drosophila and vertebrates [4, 5] . Yamamoto et al. [33] have shown that genetic or pharmacological inhibition of myosin II results in defects of cellular patterning in the auditory epithelium during development. During cellular rearrangements in the auditory epithelium, myosin distributions are not uniform between the junctions [33] . AJ shortening is mainly controlled by actomyosin contraction rather than by self-contraction of AJs. Differential distributions of myosin between the junctions generate local tension that lead to the junctional contraction, resulting in cellular rearrangements. In sensory epithelia including auditory and olfactory epithelia, differential adhesiveness at each junction by cooperation between nectins and cadherins contribute to shrinkage and extension of the junction. Differential adhesiveness generated by adhesion molecules must act with other mechanisms such as actin-myosin contractility in cellular patterning of sensory epithelia. Further study will elucidate the combined mechanisms between differential adhesion and actin-myosin contractility in mosaic cellular patterning of sensory epithelia.
Mosaic cellular its pattern of sensory epithelia and physiological significance
A recent study has shown that inappropriate cellular patterning affects cellular morphogenesis [34] . In mammalian cochleae, the stereociliary bundle on each hair cell is uniformly oriented to the abneural edge of the epithelium. This polarized pattern of hair bundles is a typical example of planar cell polarity (PCP) [35] . In the auditory epithelium, upon loss of nectin-3, hair cells contact each other inappropriately, resulting in abnormal orientation and morphology of hair bundles and positioning of the kinocilium. These phenotypes are only observed in aberrantly attached hair cells. Thus, the abnormal phenotypes of hair bundles are likely due to a non-autonomous effect depending on the heterophilic interaction between nectins. Genetic deletion of PCP components causes hair bundle misorientation. However, the localization patterns of PCP components are unaffected in nectin-3 KO mice. Similarly, genetic deletion of ciliary proteins causes hair bundle misorientation without affecting the distribution of PCP components [36, 37] . The detailed molecular mechanisms underlying the orientation and morphology of hair bundles, the positioning of the kinocilium, and the localization of PCP components remain unknown. Further studies are required to investigate the molecular mechanism that connects the mosaic cellular patterning in the auditory epithelium and the morphogenesis of hair cells.
As mentioned above, the mosaic patterns of sensory epithelia have been conserved during evolution among a wide range of species. In developing sensory epithelia, supporting cells might mediate diverse functions such as metabolic and physical support of sensory cells, regulation of synaptogenesis, and cellular patterning. Supporting cells share many characteristics with neuronal glial cells [38] . Glial cells in the nervous system do not participate directly in synaptic interactions or electrical signaling, although their supportive functions help define synaptic contacts and maintain the signaling abilities of neurons. Among the various functions of glial cells, ensheathment and insulation of neurons are important functions that have high clinical relevance to disease. Glial ensheathment and insulation of neurites helps to prevent electrical currents from leaving neurons. In sensory epithelia, sensory cells are separated from each other, and the sensory cells never attach to each other. These observations suggest that supporting cells ensheath sensory cells, and that ensheathment might prevent short circuit communication between sensory cells to ensure precise sensory transduction in response to stimuli. Further studies are required to clarify the functions of supporting cells and the physiological significance of cellular mosaics in sensory epithelia.
Conclusions and perspective
In this review, we discussed the cooperative role of nectins and cadherins in cell-cell recognition and cellular pattern formation. Combinational and differential expression of nectins and cadherins between cells and the differential reaction abilities of their extracellular domains contribute to the production of characteristic cell patterns within sensory epithelia. Other cooperative mechanisms between multiple adhesive systems may exist and potentially contribute to the generation of complex cell patterns and structures in various tissues. Indeed, a large number of molecules interact with nectins and cadherins through their cytoplasmic associated domains. Such diverse interactions are thought to mediate crosstalk between nectins, cadherins, and other cellular systems [39] . Further studies are required to identify such cooperation in cellular recognition and patterning.
The understanding of the roles of adhesion molecules in 2D cellular pattern formation of epithelia have been progressed; however, whether these adhesion molecules also regulate the formation of complex 3D structures (e.g., the layered structure of the brain) remains unknown. Recent studies have shown that complex tissues, such as the cerebral cortex, optic cup, and kidney, form by self-organization in vitro from a homogeneous population of stem cells [40, 41] . These observations suggest that the self-organization ability of cells, as revealed by in vitro experiments, also plays a role in morphogenetic processes. Such complex morphogenesis involves various multicellular interactions in a 3D context. However, it remains unclear how the cell sorting mechanisms are employed in morphogenesis in vivo. In addition, it remains unclear whether the complex cell behavior in an aggregate consisting of multiple cell types is explained by a mathematical model such as the differential adhesion hypothesis. Elucidating the coupling mechanisms between cell-cell recognition, differential adhesion, and cellular dynamics might reveal a more detailed picture of cellular behaviors during complex organogenesis.
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